XXYY syndrome occurs in approximately 1:18,000-1:40,000 males. Although the physical phenotype is similar to 47,XXY (tall stature, hypergonadotropic hypogonadism, and infertility), XXYY is associated with additional medical problems and more significant neurodevelopmental and psychological features. We report on the results of a cross-sectional, multicenter study of 95 males age 1-55 with XXYY syndrome (mean age 14.9 years), describing diagnosis, physical features, medical problems, medications, and psychological features stratified by age groups. The mean age of diagnosis was 7.7 years. Developmental delays and behavioral problems were the most common primary indication for genetic testing (68.4%). Physical and facial features varied with age, although hypertelorism, clinodactyly, pes planus, and dental problems were common across all age groups. Tall stature was present in adolescents and adults, with a mean adult stature of 192.4 cm (SD 7.5; n ¼ 22). Common medical problems included allergies and asthma (>50%), congenital heart defects (19.4%), radioulnar synostosis (17.2%), inguinal hernia and/or cryptorchidism (16.1%), and seizures (15%). Medical features in adulthood included hypogonadism (100%), DVT (18.2%), intention tremor (71%) and type II diabetes (18.2%). Brain MRI (n ¼ 35) showed white matter abnormalities in 45.7% of patients and enlarged ventricles in 22.8%. Neurodevelopmental and psychological difficulties were a significant component of the behavioral phenotype, with developmental delays and learning disabilities universal but variable in severity. Twenty-six percent had full-scale IQs in the range of intellectual disability (MR), and adaptive functioning was significantly impacted with 68% with adaptive composite scores <70. Rates of neurodevelopmental disorders, including ADHD (72.2%), autism spectrum disorders (28.3%), mood disorders (46.8%), and tic disorders (18.9%), were elevated with 55.9% on psychopharmacologic medication overall. Recommendations for evaluation and treatment are summarized. ß
INTRODUCTION
48,XXYY syndrome was first described in 1964 and occurs in an estimated 1:18,000-1:50,000 males [Muldal and Ockey, 1960; Sorensen et al., 1978] . Approximately 100 cases have been reported to date, often characterizing XXYY syndrome as a variant of 47,XXY Klinefelter syndrome due to a shared physical and endocrinologic phenotype including tall stature, microorchidism, hypergonadotropic hypogonadism, and infertility [Borgaonkar et al., 1970] . Although original reports suggested that there were no phenotypic differences from 47,XXY males [Townes et al., 1965] , it is now recognized that 48,XXYY differs in its medical, neurodevelopmental, and behavioral characteristics [Parker et al., 1970; Zack, 1980; Grammatico et al., 1990; Linden et al., 1995; Zelante et al., 2003; Tartaglia et al., 2005] .
The last large review of the XXYY syndrome phenotype summarizing the first 53 described cases was published by Borgaonkar et al. [1970] , with many subsequent individual case reports or short case series describing various medical and psychological features. In addition to the characteristic physical features of Klinefelter syndrome (tall stature, hypogonadism, gynecomastia), literature reports have described hypertelorism, cubitus varus, pes planus, clubfoot, clinodactyly, and scoliosis [Carr et al., 1961; Barr et al., 1964; Alter et al., 1966; Borgaonkar et al., 1970; Demirhan, 2003 ]. Neurological problems, including seizures, intention tremor, hypotonia, and tics have also been reported in multiple patients [Robinson et al., 1964; Alter et al., 1966; Sorensen et al., 1978; Garry, 1980; Vanyan, 1984; Donati et al., 1992; Izumi and Tsubahara, 2000; Zelante et al., 2003] , along with occasional structural brain abnormalities including agenesis of the corpus callosum [Nyberg et al., 1994] and frontoparietal cortical atrophy [Demirhan, 2003] . One study estimated that congenital heart ddefects are present in approximately 8% of patients, with specific reports of tetralogy of Fallot, pulmonary stenosis, mitral valve prolapse, and septal defects [Schlegel et al., 1965; Alter et al., 1966; Meschede et al., 1995; Zelante et al., 2003] . Other reported medical problems in childhood include strabismus, inguinal hernia, cryptorchidism, asthma and recurrent respiratory infections, and dental problems [Townes et al., 1965; Waterman et al., 1966; Singer et al., 1973; Garvey and Kellett, 1975; Sorensen et al., 1978] . Lower extremity skin ulcers have been described in adults [Fuse et al., 1986; Grammatico et al., 1990; Izumi and Tsubahara, 2000] , and increased mortality from non-Hodgkin lymphoma has also been reported [Swerdlow et al., 2005] .
Speech delays and motor delays with poor motor coordination are commonly described in the first 3 years of life [Garvey and Mutton, 1973; Garvey and Kellett, 1975; Fryns et al., 1995] . In older children and adults, full-scale IQ reports have ranged from as low as 35 up to 111 [Laurence et al., 1963; Sachsse et al., 1967] , although in most cases IQ has ranged from 70 to 80 [Borgaonkar et al., 1970] . IQ profiles generally show a verbal IQ significantly lower than performance IQ [Zack, 1980] , similar to the cognitive profile seen in 47,XXY males [Netley, 1986] . Although most cases reported in the literature describe some degree of cognitive disability or behavioral problems, a few reports describe adolescents with ''good social adjustment'' ascertained because of pubertal delay or microorchidism [Loftus and Mellman, 1965] . Behavioral and psychiatric symptoms including hyperactivity, attention problems, impulsivity, aggression, mood instability, and ''autistic-like'' behaviors have also been described [Schlegel et al., 1965; Sorensen et al., 1978; Fryns et al., 1995; Hagerman, 1999] .
In this cross-sectional, multi-institutional study, we describe the largest cohort of males with non-mosaic XXYY syndrome to date, including 95 males ranging from 1 to 55 years of age. We describe their ascertainment, physical findings, associated medical problems, developmental and psychological features, and include recommendations for medical evaluation and treatment.
METHODS

Recruitment
Participants were recruited primarily from organizations supporting individuals and families with sex chromosome aneuploidy (SCA) to participate in an IRB-approved study on health and development in children and adults with SCA. Additional participants were identified from endocrinology, genetics, and pediatrics clinics at each site. Individuals from the US (n ¼ 66) and Canada (n ¼ 5) were seen at the UCDavis Medical Center MIND Institute, The Children's Hospital Child Development Unit in Denver, and Thomas Jefferson University in Philadelphia. A group of participants from the United Kingdom and various European countries (n ¼ 23), and Australia (n ¼ 1) also participated through the UC-Davis site. All participants or their parents signed an IRBapproved consent form developed for each site prior to participation in research.
Subjects
The participants included 95 males with XXYY syndrome, ranging from 1 to 55 years of age, with a mean age of 14.9 years and median of 13.0 (see Table I ). The majority of participants were in the 11-19 year age group (42%), and almost all (96.8%) were Caucasian. African-Americans and other minorities were not excluded from the study. The low percentage of minorities in this study is likely due to many factors, including underascertainment in minority populations, and recruitment through support groups that are largely Internetbased and thus less accessible to minorities of lower socioeconomic status. Two sets of twins with XXYY syndrome were participants in the study.
Evaluation
The parent or primary caregiver of each participant first completed a comprehensive questionnaire detailing birth, medical, developmental, and psychological history. These features were then reviewed in a semi-structured direct interview and recorded on a data sheet completed for each participant. Medical and educational records were reviewed, including genetic testing results, to confirm a non-mosaic 48,XXYY karyotype. For participants from the U.S. and Canada, height, weight, occipitofrontal head circumference, and stretched penile length were measured directly and converted to Z-scores (standard deviation scores). Testicular volume was estimated using a Prader orchidometer. The presence or absence of common dysmorphic features and features selected based on review of the literature on XXYY syndrome and other sex chromosome aneuploidies were assessed by physical examination. Poor dentition was classified as four or more caries/ fillings, significant malocclusion, current or previous orthodontia, the need for previous dental surgery, taurodontism, or edentulous. For the group from the UK, height and weight were extracted from recent medical records, and physical examination included only direct evaluation of facial features and extremities by one examiner (N.T.) at a family conference where medical facilities for a more comprehensive examination were not available.
Developmental assessment of children less than 6 years of age was completed using the Mullen Scales of Early Learning-AGS Edition [Mullen, 1989] . Cognitive evaluation of 46 participants 6 years of age or older was performed using the Wechsler Abbreviated Scales of Intelligence (WASI) [Wechsler, 1989] . For a small subset of participants (n ¼ 4), cognitive scores were obtained by review of results of comparable standardized assessments administered by a licensed psychologist obtained within the previous 12 months. As per current practice, the term ''intellectual disability'' replaces the previous term ''mental retardation'' throughout this text. Adaptive functioning was assessed using either the Vineland-2 adaptive functioning interview [Sparrow et al., 2005] or the Adaptive Behavior Assessment System-2nd Edition [Harrison and Oakland, 2003 ].
Analysis of Results
Patients were divided into three age groups and features were evaluated separately in each age group due to differences in the natural history of various medical features such as hypogonadism, scoliosis, and gynecomastia. Incomplete data are noted in the tables, with data missing due to parents or primary caregivers being unsure or unable to recollect the information. Percentages reported include only data that was definitively present or absent, thus the total n included in calculations varies between fields but is noted in the tables. Ninety-five percent confidence intervals for frequency of associated medical features, with adjustments for frequencies <5%, were calculated as per Richardson et al. [2000] . Features were excluded if the confidence interval overlapped zero, unless that feature had been previously reported in the XXYY literature in more than one other case (talipes equinovarus, cleft palate/velopharyngeal insufficiency, and unilateral kidney). Height and BMI Z-scores (standard deviation scores) and cognitive scores were compared between age groups using ANOVA with post hoc Tukey analysis (SPSS), and results of these analyses are noted. Statistical significance was set at P < 0.05.
RESULTS
Diagnosis of XXYY Syndrome
The age of diagnosis and the indication for genetic testing obtained by review of medical records from the time of diagnosis are presented in Tables II  and III . Only two patients were diagnosed prenatally. Almost 10% (9/95) of the group was diagnosed at less than 1 year of age, and these cases were associated with more significant medical problems and dysmorphic features noted at the time of birth (i.e., cleft palate/Pierre Robin sequence, congenital heart malformation), or significant early motor delays. Approximately one-third of the patients (35/95) were diagnosed between 1 and 5 years of age, with the majority of these patients tested because of speech and/or motor delays. Four subjects in this age group received genetic testing following the diagnosis of an autism spectrum disorder. Approximately 25% (23/95) of patients were diagnosed between ages 6-10, primarily as part of the evaluation for cognitive delays and/or behavioral problems. Of the 27% (26/95) diagnosed after 11 years of age, 11 were because of microorchidism or hypogonadism, although all individuals in this group had a history of developmental delays, learning disorders, intellectual disability, or psychiatric problems that had not previously prompted genetic testing. Only two individuals were diagnosed after 21 years of age, both when evaluated by new physicians for a longstanding history of intellectual disability and mental health problems. The mean age of diagnosis in those diagnosed in the postnatal period across the entire group was 7.7 years (SD 5.62).
Physical Examination Findings
Results of physical examination findings are shown in Table IV , with auxologic measurements reported as Z-scores (standard deviation scores). Mean height Z-score significantly increased with age from þ0.21 AE 1.45 in children less than 10 years old (n ¼ 25), to þ1.06 AE 1.17 in the 11-19 age group (n ¼ 35) and þ2.18 AE 1.08 in the 20þ age group (n ¼ 22) (ANOVA F 17.6 , P < 0.0001). The mean stature of adult males (n ¼ 22) was 192.4 cm (6 ft 3.7 in) with a standard deviation of 7.5 cm and a range from 180.1 cm (5 ft 11 in) to 216 cm (7 ft 1 in). In contrast to height, mean BMI Z-scores did not significantly differ between age groups (age 0-10 þ0.84, age 11-19 þ0.20, age 20þ 0.76; ANOVA F 1.4 , P ¼ 0.25). Although mean BMI was stable across age groups, there was considerable variation in body habitus within each age group, and individuals ranged from underweight (childhood BMI <10th centile or adult BMI <20) to overweight (childhood BMI >85th centile or adult BMI >25).
Mean adult BMI was 27.3 with a standard deviation of 6.7. Among the adults 18.2% were underweight while were 31.8% obese. As expected, testicular volume remained small with progression through adolescence, and microorchidism was present in 100% of patients over age 20 with an average adult testicular volume of 5.3 ml. Gynecomastia was present in 25% of adolescents and 41% of adults.
Some physical examination features were consistent across all three age groups, while some emerged with increasing age. Figures 1 and 2 illustrate common facial and physical findings in XXYY. The most common physical features in prepubertal children were 5th digit clinodactyly, pes planus, poor dentition, apparent hypertelorism, upslanting palpebral fissures, epicanthal folds and hypotonia. Micrognathia was most common in the youngest group, but decreased with age; older males had a long face with a prominent chin and brow. Limited supination and pronation of the forearm was present in 61% of cases. Intention tremor typically began at age 12-13, although it was present in some children as young as 6 years of age. Intention tremor increased significantly with advancing age, and was present in 71% of individuals in the adult age group.
Medical Features and Medications
Eighty-six percent (80/95) of infants were born at term, with the average birthweight of term infants at 3,130 g (6.9 pounds). Early feeding problems including problems with latch-on, poor suck, and slow feeding were noted in 51% (39/77) of infants. Overall, the most common medical features were significant dental problems, intention tremor (in the adolescent and adult age groups), and asthma/ reactive airway disease (Table V) . Forty-six percent (43/93) had been hospitalized in their lifetime for respiratory infections or asthma (most commonly in the first 5 years of life), and 16.1% of the total group had required more than three hospitalizations for recurrent respiratory infections or asthma exacerbations. Seventeen percent (16/93) had confirmed radioulnar synostosis and/or congenital elbow dislocation by radiograph, although only 23 individuals had elbow radiographs completed. Eleven percent had obstructive sleep apnea. Notable medical problems of other study participants not included in the table include one child who died at age 13 from thrombotic thrombocytopenic purpura and one individual with panhypopituitarism. There is also one known male with XXYY who died from colorectal cancer at 29 years of age and was unable to participate in the current study. Current medications are presented in Table VI . Psychopharmacologic medications were the most common medication class and 56% (52/93) of the subjects required one or more medications primarily targeting attention span, impulsivity, anxiety, and mood instability. Twenty of these 52 individuals were on more than one psychopharmacologic medication. In the adult group, approximately onethird had required hospitalization during their adolescence or later for psychiatric reasons.
Hypergonadotropic hypogonadism was observed in pubertal-aged boys, and by adulthood all participants had LH/FSH and testosterone levels indicating hypogonadism and/or had been started on testosterone replacement therapy. The average age for initiation of testosterone therapy was 14.9 years (range 11-31). Despite microorchidism and laboratory evidence of hypogonadism in all, only 14/22 (63.6%) of the adult group were being actively treated with testosterone. Review of medical records of the eight subjects not receiving testosterone therapy showed: previous testosterone use with loss of follow-up in long-term care facility (3), concerns about worsening of behavioral symptoms upon initiation of testosterone treatment (3), one individual who disliked the effects, and one individual with total testosterone in the low-normal range and elevated LH who was advised that treatment was not indicated.
Neuroimaging
A subset of the sample had brain MRI performed (n ¼ 35). The indications for MRI included cognitive or developmental problems, behavioral difficulties, hypotonia, and seizures. Review of the images showed nonspecific white matter abnormalities in 45.7% and enlarged ventricles in 22.8%. White matter abnormalities displayed a spectrum from tiny bifrontal (1 mm size) foci of increased T2/Flair signal to larger (3-5 mm size) confluent bifrontal and parietal foci. Abnormal signal involved both superficial and deep periventricular white matter, but spared the corpus callosum and internal capsule. Examples are shown in Figure 3 . Four subjects had MRI imaging in their first 3 years of life, with white matter findings present at this time. Additional MRI findings are shown in Table V . Early developmental delays were almost universal, with 91.5% reporting delays in speech/language development and 74.5% reporting delays in motor development. The average age of walking independently was 18.0 months (n ¼ 84, range 12-33 m) and the average age at first words was 23.6 months (n ¼ 64, range 10-64 m). Direct developmental assessment of 5 children less than 6 years of age showed a wide range of developmental levels from significantly impaired to the average range, although relative weaknesses in gross motor skills, fine motor skills, and expressive language were universal. As shown in Table VII , the mean full-scale IQ (FSIQ) of individuals 6 years or older was 77.8, with a significantly lower mean verbal IQ (VIQ) (74.0) relative to mean performance IQ (PIQ) (87.4) (n ¼ 47, t ¼ 5.29, P < 0.0001). When IQ was compared between the three age groups, the VIQ decreased with increasing age, but PIQ remained unchanged (Fig. 4) . The 20þ age group had a significantly lower verbal IQ compared to the younger age groups, with a mean VIQ for the oldest age group of 66.7 compared to a mean of 76.0 in children 11-19 and a mean of 80.2 in children 6-10 years. Despite significant differences across age groups in verbal IQ, there were not statistically significant differences between the three age groups in PIQ or FSIQ, although the FSIQ trended lower secondary to the decreasing VIQ (ANOVA VIQ F 4.87 , P < 0.05; PIQ F 0.14 , P ¼ 0.9; FSIQ F 1.47 , P ¼ 0.24).
Cognitive problems were universal but variable in degree, and were most commonly language-based learning disabilities with deficits in reading and language comprehension. Interventions for learning difficulties varied from mainstream classrooms with individual tutoring to self-contained classrooms for children with intellectual disability (Tables VII  and VIII) . Of the 50 individuals for whom reliable cognitive testing was directly obtained or reviewed, Significant dental problems were defined as the need for three or more dental procedures (excluding common caries) or the need for orthodontia. b Fifteen of these individuals required more than three hospitalizations for respiratory infections or asthma exacerbations. Hypergonadotropic hypogonadism determined by history of elevated leutinizing hormone (LH) with decreased or low-normal testosterone levels.
26% had a FSIQ in the ID range, with 48% in the borderline range of 70-84, and the remaining 26% with FSIQ of 85 or above. Adaptive functioning was significantly impaired when compared to IQ, especially in those over 18 where 68% fell below a score of 70. Adaptive functioning was most commonly impaired in the domains of communication, social skills, self-care, and self-direction. Review of previous neurodevelopmental and psychiatric diagnoses included many DSM-IV diagnoses, most commonly attention deficit/hyperactivity disorder (ADHD), autism spectrum disorders (ASD), and mood disorders (Table VIII) . Two individuals were being treated for psychotic disorders with paranoid delusions and auditory hallucinations. Other common diagnoses with less specific diagnostic criteria included sensory processing/ sensory integration disorder (n ¼ 16), developmental apraxia of speech (n ¼ 9) and auditory processing disorder (n ¼ 6). Parents also frequently reported sleep cycle disturbances, a worsening of behavioral symptoms at 8-9 years of age, sugar cravings, nail biting, and strong interests in computers and vehicles as part of the behavioral phenotype of XXYY.
For the two children who were diagnosed prenatally, there were no significant differences in IQ or in the presence of other neurodevelopmental disorders compared to those ascertained postnatally. Both had early speech and motor delays requiring therapy, both were in special education for language-based learning disabilities, and one had been diagnosed with ASD. The mean IQ of individuals ascertained at puberty for microorchidism (n ¼ 11) was slightly higher when compared to those ascertained due to cognitive or psychological problems, however this did not reach statistical significance (Mean FSIQ 84 vs. 76, t ¼ 1.57, P ¼ 0.12). However, none of the 11 boys ascertained due to microorchidism had a full-scale IQ of less than 70.
DISCUSSION
This is the largest study to date of medical and psychological features of children and adults with XXYY syndrome. This cohort was primarily Caucasian, and all but two individuals were ascertained in , 1997] , over 70% of individuals with XXYY in this cohort were diagnosed prior to age 10. This difference is due to the greater severity of developmental delays, dysmorphisms, medical problems, and neurodevelopmental disorders in children with XXYY compared to XXY leading to genetic testing. It is also an interesting contrast to the 11.3% of individuals with XXYY syndrome diagnosed prior to age 10 described in the last major case series published in 1970 [Borgaonkar et al., 1970] , most likely due to the increased practice of genetic testing in children with developmental delays and neurodevelopmental disorders over the past 35 years. Stature in childhood is variable, with some children falling in the lower centiles and others having tall stature, consistent with previous reports [Borgaonkar et al., 1970] . However, stature above the mean increases with age, and tall stature in adulthood is a characteristic feature. This is consistent with growth patterns in XXY [Aksglaede et al., 2008] ; however, the mean final adult height in XXYY (192.4 cm) is slightly taller than in XXY (188 cm). Our findings of a mean adult height of 192.4 cm (75.7 in) and almost two thirds (62%) of the adults falling above the 90th centile are more remarkable than the previously reported mean of 72 inches and only 30% above the 90th centile [Hunter, 1966; Borgaonkar et al., 1970] . Previous reports estimate gynecomastia in 62% of adult cases [Borgaonkar et al., 1970] ; however, in our study only 25% of adolescents and 41% of adults had palpable gynecomastia. Again, this difference is likely due to our current ascertainment of a larger percentage of individuals with a milder phenotype due to increased genetic testing for early developmental delays or behavioral problems that were not screened in the 1960s and 1970s.
In contrast to XXY, there are characteristic facial features in XXYY syndrome (Fig. 1) . The most common facial features in childhood included hypertelorism with epicanthal folds, and narrow, upslanting palpebral fissures. Although our study is cross-sectional, some facial features seem to emerge with age, with the development of a more prominent brow and jaw. It is interesting that this progression has also been described in previous individual case reports [Spencer et al., 1969; Davies, 1970; Yamane et al., 1993] . Dental problems including late or atypical dental eruption, thin enamel, taurodontism, crowding, malocclusion, multiple caries, and the need for dental surgery and orthodontia were almost universal in this population. Clinodactyly, flat feet, and tremor were also very common. The discrepancy between those with limited supination and pronation on physical examination (61%), and those with confirmed radioulnar synostosis or congenital elbow dislocation (17%) on radiograph suggests undiagnosed cases, especially since 70% of those who had Only participants age 6 or over (n ¼ 79) were included in the analysis for learning disability/ID and other psychiatric diagnoses since these are not commonly diagnosed at less than 6 years of age.
a Autism spectrum disorders included autistic disorder (n ¼ 6) and PDD-NOS (n ¼ 20).
been radiographed (n ¼ 23) were found to have abnormalities. The high rates of asthma, allergies, and hospitalizations for respiratory infections are also higher than expected for the general pediatric population and raise the possibility of immunologic and/or pulmonary function abnormalities in this group. Tremor has been previously reported in XXYY, as well as in other males with SCA [Baughman, 1969; Boltshauser et al., 1978; Telfeian et al., 2000] , and has generally been classified as essential tremor. Although essential tremor is common in the general adult population (4%) [Benito-Leon and Louis, 2006] , it is rare in children and it is interesting that essential tremor is estimated to present in 1/500 children [Jankovic et al., 2004] , the same general estimated prevalence of SCA in the population [Hook and Hamerton, 1978] . Although clearly not all children with essential tremor have SCA, the presence of essential tremor in a child with a history of learning disabilities, developmental delays, or associated physical features should prompt genetic testing. The etiology, underlying neurophysiology, and treatment of tremor in this population needs further research and may shed light onto genes contributing to essential tremor in the general population.
This group of individuals with XXYY syndrome showed the expected development of hypogonadism seen in males with X chromosome polysomy. There have been no studies directly comparing hypogonadism in XXY and XXYY, although clinical and laboratory characteristics of hypergonadotropic hypogonadism, and studies of testicular histology show similar findings to those seen in XXY [Leisti et al., 1964; Tabata et al., 1964] . Thus, for now we presume that clinical endocrinologic monitoring and initiation of testosterone treatment should be similar to adolescents with XXY syndrome until further research is completed.
Three of the adult subjects with XXYY had laboratory evidence and physical symptoms of hypogonadism, however they were not on testosterone due to concerns of worsening behavioral problems with a history of mood disorders and impulsivity. The behavioral effect of testosterone treatment in XXYY was a common question asked by families and physicians of study participants. There is one report describing the initiation of androgen replacement in a 32-year-old with XXYY with a history of behavioral problems, emphasizing that androgen treatment did not worsen behaviors, aggression or hypersexuality, and significantly improved fatigue, bone density, and apathy [Heuser et al., 1999] . Sourial and Fenton [1988] also described a case of an adult with XXYY in which testosterone replacement significantly improved aggression and atypical sexual behaviors [Sourial and Fenton, 1988 ]. However, Lee described a male with XXYY and schizophrenia treated with testosterone at age 31 who developed agitation and aggression [Lee, 1996] . Our clinical experience with this group supports the view that testosterone treatment at standard doses generally improves or has no significant impact on behavior, although treatment was discontinued in two older individuals with significant mental heath problems due to increased agitation. Unfortunately, in both cases changes to other psychiatric medications occurred at the same time, making it difficult to determine if the testosterone indeed led to the agitation.
Interestingly, review of brain MR imaging showed a spectrum of nonspecific T2/Flair white matter hyperintensities in almost half of those who had brain MR performed. Some patients had a few tiny (1-2 mm) abnormal white matter foci whereas others had more diffuse and confluent (4-5 mm) abnormal white matter foci. The differential for these findings is broad and includes developmental, dysmyelination/demyelination, and gliosis or scar from remote insult (inflammation or trauma). This finding may also be underreported as neuroradiologists with predominantly adult practices may consider these to be normal findings. Warwick et al. [1999] described similar findings of ''highintensity signal foci'' in 5/10 XXY, 3/11 XXX, and 1/10 XYY adult subjects compared to none in controls, postulating the increased susceptibility of developmentally abnormal brains to injury associated with aging. However, Boettger et al. [2004] describe similar findings in a 5-year-old male with XXY, and in our series these findings were present as early as 10 months of age and in three children 3 years of age. Thus, they may represent the sequelae of abnormal neurodevelopment and can provide clues to the pathology of the neurological/neurodevelopmental abnormalities seen in XXYY and other sex chromosome aneuploidies. In our series, the individuals with T2/Flair white matter hyperintensities did not differ in the presence of ID, seizures or tremor compared with those without reported MR findings, although larger sample sizes are needed.
Cognitive profiles with strengths in visuoperceptual skills relative to language-based tasks are consistent with previous reports, although the mean FSIQ of this group is almost 10 points higher than previously reported [Borgaonkar et al., 1970] . This is likely related to increased ascertainment of higherfunctioning individuals with the increasing genetic testing in children with developmental delays over the past 30 years. We also found that VIQ significantly decreased with age, and it is important to point out that this is a cross-sectional study in which most individuals in this older age group were ascertained 20-30 years ago when genetic testing was only obtained for significant dysmorphology or severe cognitive deficits. There was also a discrepancy between overall cognitive measures and adaptive functioning, with adaptive skills almost one standard deviation less than full-scale IQ scores. The striking rates of neurodevelopmental disorders such as ADHD and autism spectrum disorders, other psychological diagnoses, psychiatric hospitalizations, and psychopharmacologic medication use emphasize the significance of the behavioral phenotype in XXYY syndrome and the need for further study in etiologies and treatments for these associated problems.
An ideal study of this population would include prospective studies of a cohort identified prior to or at birth to eliminate ascertainment bias and to study changes in health, cognition and adaptive functioning related to age. Cases identified in the prenatal period and carried to term are rare, with only two such cases in our cohort. There are no studies describing termination rates in early XXYY pregnancies; however, considering the recently reported termination rate of 70% in XXY fetuses by women electing prenatal genetic testing [Shaffer et al., 2006] , it is most likely higher in XXYY due to the association with more significant cognitive and psychological problems in the current medical literature. Our two cases identified in the prenatal period did not have significant differences in physical features, medical problems, or cognitive/psychological features compared to the rest of the group. Screening of newborns to identify unselected cases would require a very large collaborative study to obtain sufficient samples sizes due to the low prevalence of XXYY.
It is posited that XXYY syndrome results from a double nondisjunction during meiosis in spermatogenesis. Very few studies have reported on further molecular investigations in XXYY males. The parentof-origin of the extra chromosomes has been evaluated in six cases, and all have identified the extra chromosomes as being paternal in origin [Rinaldi et al., 1979; Leal et al., 1994; Iitsuka et al., 2001] . It is believed that the phenotypic differences in XXYY syndrome and other SCAs likely result from gene dosage effects of genes in the pseudoautosomal regions (PAR) of the X and Y chromosomes that escape X-inactivation. Thus, in XXYY males, genes in the PAR regions would be expressed from the four sex chromosomes, compared to the two sex chromosomes in 46,XY males. Overexpression of other X chromosome genes that escape X-inactivation or Y chromosome genes may also be involved. The phenotypic differences may be also be related to polymorphisms in selected X and Y chromosome genes, and other recent research has suggested that the presence of supernumerary sex chromosomes may lead to alterations in DNA methylation at various loci in the genome, leading to altered gene expression and subsequent phenotypic differences [Coffee et al., 2007] .
To date, only two specific genes on the X and Y chromosomes have been described that may be associated with the phenotype of SCA. It is postulated that the tall stature of individuals with supernumerary sex chromosomes is related to overexpression of the SHOX gene, a pseudoautosomal gene that escapes X-inactivation and is highly expressed in growth plates of long bones where it plays a role in bone growth and maturation [Rao et al., 1997; Munns et al., 2004] . Haploinsufficiency of SHOX has been shown to be related to short stature in Turner syndrome [Clement-Jones et al., 2000] , microdeletions of SHOX have been shown to be associated with short stature [Rao at al., 1997] , and duplications of SHOX have been associated with tall stature [Ogata et al., 2000] . Thus, the tall stature in XXYY may be related to an overexpression of SHOX. Gene dosage effects of a potential growth control gene on the Y chromosome (GCY) has also been proposed and may be involved in the additional height in XXYY [Kirsch et al., 2004] .
A polymorphism in the androgen receptor (AR) gene on the X chromosome gene has also been found to be related to phenotypic differences in XXY in some studies. The CAG-repeat length of the AR gene is associated with taller adult height and more gynecomastia in adult males [Zitzmann et al., 2004] , and with shorter penile length in children with XXY [Zinn et al., 2005] . The longer CAG-repeat polymorphism codes for a receptor that is less responsive to androgen, thus perhaps low receptor responsiveness coupled with mild-moderate androgen deficiency contributes to the more severe phenotype in XXY. Studies of the genotype-phenotype relationship of the AR gene polymorphism in a sample of this XXYY population are currently underway. Also, future study of the two sets of twins with XXYY in this report comparing DNA methylation patterns and gene expression to their phenotypes may provide interesting data about the role of epigenetics in XXYY and other forms of SCA.
In summary, there are many important comparisons between the phenotypes of XXYY syndrome and XXY. In most cases, the number of congenital malformations, dysmorphic features, and associated medical problems are more significant in XXYY, along with a taller final adult height. However, features of hypergonadotropic hypogonadism are similar, and testosterone treatment is indicated when laboratory evidence or clinical symptoms of androgen deficiency present. The most important distinctions lay in the differences in the behavioral phenotype, where males with XXYY have more significant developmental delays, language-based cognitive deficits, and problems with adaptive functioning. Neurodevelopmental disorders such as autism spectrum disorders and ADHD, as well as other psychological comorbidities are also more common in XXYY compared to XXY. However, as in XXY, there is considerable variation in the phenotype, with the genetic and environmental factors underlying this variation yet to be identified.
TREATMENT RECOMMENDATIONS
Medical evaluation at the time of diagnosis depends on the age of the patient, but should include a complete medical history and examination with an emphasis on features requiring monitoring and intervention outlined in this study. In infants and children, cardiac evaluation for congenital heart defects and mitral valve prolapse, renal ultrasound, ophthalmologic evaluation, and orthopedic evaluation for flat feet, scoliosis, and elbow dysplasia are recommended. Aggressive preventative dental care and hygiene should also be implemented. Brain MRI, EEG, and sleep study should be strongly considered depending on clinical symptoms. Adolescents and adults should also be screened for other associated medical problems including Type 2 diabetes, hypothyroidism, osteoporosis, and obesity. A high index of suspicion for deep vein thrombosis, pulmonary embolus, and non-Hodgkin lymphoma should be maintained for various presenting symptoms.
Endocrinology consultation should be obtained upon diagnosis to inform parents and patients about options and timing of androgen treatments and updated practices in the treatment of hypogonadism and infertility [see reviews Simpson et al., 2005; Richmond and Rogol, 2007] . If hypogonadism is present, testosterone treatment should be considered in all individuals regardless of cognitive abilities due to positive effects on bone health, muscle strength, fatigue, and endurance, with possible mental health/behavioral benefits as well. For those with significant mental health problems such as bipolar or psychotic disorders, testosterone treatment should be initiated slowly with close observation by the mental health team and avoidance of concurrent changes to other psychotropic medications or environmental settings.
Since almost all children with XXYY have developmental delays and learning disabilities, a comprehensive neurodevelopmental evaluation is warranted at the time of diagnosis, including assessments by psychology (cognitive and social-emotional development), speech/language therapy, occupational therapy, and physical therapy. Consultation with a developmental pediatrician, psychiatrist, or neurologist to develop a treatment plan including therapies, behavioral interventions, educational supports, and psychotropic medications for behavioral and psychiatric symptoms should be arranged. Common diagnoses such as learning disability/ID, ADHD, autism spectrum disorders, mood disorders, tic disorders, and other mental health problems should be considered, screened for, and treated. Good responses to standard medication treatments for inattention, impulsivity, anxiety, and mood instability are seen in this group and such treatment can positively impact academic progress, emotional wellbeing and long-term outcome.
Poor fine motor coordination and the development of intention tremor can make handwriting slow and laborious, and occupational therapy and keyboarding should be introduced at an early age to facilitate schoolwork and self-help skills. Educational difficulties should be evaluated with a full psychological evaluation to identify discrepancies between verbal and performance skills and to identify individual academic needs. Expressive language skills are often affected throughout the lifespan and speech therapy interventions targeting expressive language skills, dyspraxia, and language pragmatics may be needed into adulthood. Adaptive skills (life skills) are a significant area of weakness necessitating community-based supports for almost all individuals in adulthood. Additional treatment recommendations based on the individual strengths and weaknesses in XXYY syndrome are further detailed by Visootsak et al. [2007] . Families should also be referred for support and further information to The XXYY Project (www.xxyysydrome.org), the international support organization for XXYY syndrome.
